High incidences of human herpesvirus (HHV)-6 encephalitis have recently been reported from several Japanese SCT centers. To evaluate the effect of low-dose foscarnet (PFA) in preventing HHV-6 infection among recipients of unrelated BM or cord blood (CB), we examined consecutive cohorts without prophylaxis against HHV-6 (Cohort 1, n ¼ 51) and with PFA prophylaxis (Cohort 2, PFA 50 mg/kg/day for 10 days after engraftment, n ¼ 67). Plasma real-time PCR assay was performed weekly. High-level reactivation defined as HHV-6 DNAX10 4 copies/mL by day 70 was the primary endpoint. No significant reduction of high-level reactivation was seen in Cohort 2 (19.4%) compared with Cohort 1 (33.8%, P ¼ 0.095). A trend was identified toward fewer high-level HHV-6 reactivations in Cohort 2 among recipients of unrelated BM (P ¼ 0.067), but no difference in incidence was observed among CB recipients (P ¼ 0.75). Breakthrough HHV-6 encephalitis occurred following PFA prophylaxis in three patients, and incidence of HHV-6 encephalitis did not differ between Cohort 1 (9.9%) and Cohort 2 (4.5%, P ¼ 0.24). In conclusion, 50 mg/kg/day of PFA does not effectively suppress HHV-6 reactivation and cannot prevent all cases of HHV-6 encephalitis. To effectively prevent HHV-6 encephalitis, alternative approaches based on the pathogenesis of HHV-6 encephalitis will probably be required.
INTRODUCTION
Human herpesvirus (HHV)-6 reactivates early after hematopoietic SCT and is found in the blood in about half of allo-SCT recipients. [1] [2] [3] [4] HHV-6 reactivation is potentially associated with various post-transplant complications, including those affecting the skin, lung, gastrointestinal tract and central nervous system (CNS). 5, 6 In particular, HHV-6 encephalitis has been recognized as a life-threatening complication associated with HHV-6 reactivation.
HHV-6 encephalitis typically developed 3 weeks after SCT. 7, 8 Memory disturbance is a typical initial symptom, and consciousness loss, disorientation and seizures can subsequently develop. 3, [7] [8] [9] The limbic system is a target of HHV-6. 3, [6] [7] [8] [9] [10] Recipients of unrelated transplants and cord blood (CB) display a high risk of HHV-6 encephalitis. 3, 4, 7, 8 HHV-6 encephalitis develops concomitant to the appearance of a high-HHV-6 DNA load in plasma. 3, 11, 12 This suggests that systemic high-level HHV-6 replication is a key factor in the development of HHV-6 encephalitis and that HHV-6 encephalitis is preventable as long as high-level HHV-6 reactivation can be suppressed.
Foscarnet (PFA), ganciclovir (GCV) and cidofovir (CDV) have been shown to display in vitro inhibitory effects against HHV-6, 5 and most patients with reported HHV-6 encephalitis are treated with GCV and/or PFA. 7, 8 However, more than half of the patients who developed HHV-6 encephalitis developed neurological sequelae such as memory disturbance, or died of encephalitis. 3, 7, 8, [13] [14] [15] The efficacy of antiviral treatment after development of HHV-6 encephalitis thus appears insufficient.
The European Conference on Infections in Leukemia does not recommend antiviral prophylaxis against HHV-6, because of the low risk of HHV-6 disease and the toxicity of the available antiviral drugs. 16 However, a high incidence of HHV-6 encephalitis has recently been reported from several Japanese SCT centers 3, 4, [12] [13] [14] [15] [17] [18] [19] (Table 1) . Several investigators have asserted that the establishment of methods to prevent HHV-6 encephalitis is needed for patients at high risk of this complication. 6, 11, 14, 15, 20, 21 To prevent the development of HHV-6 encephalitis, we have attempted pre-emptive GCV therapy guided by plasma HHV-6 DNA load. 11 However, dynamic kinetics of plasma HHV-6 viral load make pre-emptive therapy difficult. Prophylactic administration of active agents against HHV-6 may be useful to prevent HHV-6 encephalitis. The important issue is whether the benefits of preventing HHV-6 encephalitis outweigh the toxicities associated with the antiviral drug. HHV-6 reactivation concentrates during the first 10 days after engraftment, 3 and prophylaxis using GCV during this period may be associated with prolonged neutropenia. 22 While PFA may be more appropriate than GCV as a prophylactic agent, renal toxicity remains problematic for prophylactic use. 21 The effects of PFA in preventing CMV infection have been studied previously, 23, 24 but this agent is not currently in common used for prophylaxis due to its toxicity.
Although two studies evaluating the effects of prophylaxis to prevent HHV-6 reactivation have been reported, 25, 26 those investigations were very small. The present study investigated whether prophylactic measures are effective for preventing high-level HHV-6 reactivation and HHV-6 encephalitis. Given the myelosuppressive effects of GCV, we chose PFA as a prophylactic agent. As PFA shows dose-dependent renal toxicity, a low dosage (50 mg/ kg) and short-dosing period (10 days) were applied. Kinetics of plasma HHV-6 DNA among patients who received prophylactic PFA were compared with those of our historic controls.
PATIENTS AND METHODS
All study protocols were approved by the ethics committees of both the Oita University Faculty of Medicine and Oita Prefectural Hospital, and written informed consent was obtained from each patient before participation. Patients in whom chromosomally integrated HHV-6 27 was suspected based on the findings of persistent-positive results for plasma HHV-6 DNA (X80% of plasma samples) were excluded from analysis.
Patients

Prophylactic PFA in Cohort 2
Patients in Cohort 2 were prospectively enrolled for this study and given i.v. PFA at 50 mg/kg/day, for 10 days from the day of neutrophil engraftment. If engraftment had not been achieved by 18 days after transplantation, PFA was started on the 18th day after SCT and continued for 10 days. Any patient showing Xgrade 2 renal dysfunction (serum creatinine X1.6 mg/dL) or severe concomitant organ dysfunction on the date of starting PFA was excluded from this study. During the dosing period, if a patient showed serum creatinine level of at least grade 2, nonhematological toxicity of at least grade 3 other than nausea or vomiting, or refusal to continue administration, PFA administration was interrupted. Patients who start to receive prophylactic PFA but interrupted administration at any time were still included in the analyses.
Assay
In both cohorts, collection of EDTA-treated peripheral blood was started within 1 week after SCT, and performed weekly during hospitalization. Samples collected until 100 days after SCT were used for analysis for both of cohort groups. HHV-6 DNA copy numbers in plasma samples were measured using real-time PCR methods, as described previously. 3 
Definitions
The primary endpoint was the incidence of high-level HHV-6 reactivation by day 70 after SCT. High-level HV-6 reactivation was defined as a plasma HHV-6 DNA X10 4 copies/mL. The primary endpoint was set based on our findings that the threshold level for the development of HHV-6 encephalitis was 10 4 copies/mL plasma under our real-time PCR assay system. 12 Secondary endpoints were the incidence of HHV-6 reactivation, adverse events during the PFA-dosing period and development of HHV-6 encephalitis or possible HHV-6 encephalitis. HHV-6 reactivation was defined as detection of HHV-6 DNA in plasma at any level. Toxicity was graded according to the Common Terminology Criteria for Adverse Events Figure 2 . Kaplan-Meier estimates of the P of HHV-6 reactivation (positive plasma HHV-6 DNA at any level, left side of the figure) and high-level HHV-6 reactivation (plasma HHV-6 DNA X10 4 copies/mL, right side of the figure), stratified by stem cell source (top side, unrelated BM; bottom, CB). For recipients of unrelated BM (n ¼ 97), the rate of HHV-6 reactivation at day 70 was 62.5% in Cohort 1 and 51.6% in Cohort 2 (P ¼ 0.20) and the rate of high-level HHV-6 reactivation was 25.2% and 10.5% in the two cohorts (P ¼ 0.067), respectively. For recipients of CB (n ¼ 21), all patients in Cohort 1 and 90% of patients in Cohort 2 experienced HHV-6 reactivation by day 42 and day 53, respectively (P ¼ 0.71). Rate of HHV-6 DNA X10 4 copies/mL was 65.9% (at day 70) and 70% (at day 53) in Cohorts 1 and 2, respectively (P ¼ 0.75).
encephalitis was defined when patients satisfied all of the following criteria: (1) presence of CNS dysfunction; (2) a positive PCR result for HHV-6 in cerebrospinal fluid (CSF); and (3) the absence of other identified causes of CNS dysfunction. If no testing was performed to test for the presence of HHV-6 DNA in CSF, possible HHV-6 encephalitis was defined when patients satisfied all of the following criteria: (1) presence of CNS dysfunction; (2) demonstration of limbic encephalitis on magnetic resonance imaging (MRI); (3) positive plasma HHV-6 DNA; and (4) the absence of other identified causes of CNS dysfunction. Early stage was defined as acute leukemia during the first or second remission and CML during the first chronic phase, and myelodysplastic syndrome classified as refractory cytopenia with unilineage dysplasia, refractory cytopenia with multilineage dysplasia or refractory anemia with ringed sideroblasts; all other combinations were considered to represent non-early stage. Neutrophil engraftment was defined as an ANC of 0.5 Â 10 9 neutrophils/L.
Statistical analysis
Comparisons of baseline characteristics between the two groups were made using Fisher's exact test or the Mann-Whitney U-test. The P of first incidence of HHV-6 reactivation, high-level HHV-6 reactivation and HHV-6 encephalitis were estimated with Kaplan and Meier curves. The log-rank test was used to compare incidences between groups. Values of Po0.05 were considered statistically significant in all analyses. Prism for Macintosh version 5 software (GraphPad Software, San Diego, CA, USA) was used for all statistical analyses.
RESULTS
Patient characteristics
Cohort 1 included a total of 51 consecutive patients who underwent BMT from unrelated donor or CBT. For Cohort 2, 73 patients were preliminarily enrolled before the start of preconditioning. Among these, a total of six patients withdrew or were judged as ineligible before starting PFA. The reasons for not receiving PFA were as follows: renal dysfunction (n ¼ 2); liver dysfunction (n ¼ 1); CNS complications of unknown origin (n ¼ 1); and death in the early phase because of sepsis (n ¼ 1) or heart failure (n ¼ 1). As a result, 67 patients received prophylactic PFA. Among these 67 patients who started to receive PFA, 11 patients were unable to complete 10 days of PFA administration. Reasons for not completing the full 10-day PFA administration were as follows: serum creatinine level reaching Xgrade 2 (study termination rule) (n ¼ 3, all were grade (2); patient refusal to continue administration because of nausea (n ¼ 3, all were grade (3) or headache (n ¼ 1, grade 2); and discretion of the attending physician because of electrolyte loss (n ¼ 1, grade 2), graft failure (n ¼ 1) or liver dysfunction due to GVHD (n ¼ 2). Median duration of PFA administration in these 11 patients was 6 days (range, 2-9 days). These patients who received interrupted administration of PFA were included in the analyses. Characteristics of the patients are listed in Table 2 . Median age was significantly higher (P ¼ 0.0004) and P of receiving myeloablative conditioning was significantly lower (Po0.0001) in Cohort 2 than in Cohort 1.
HHV-6 reactivation
In both cohorts, no patient showed persisting positive plasma HHV-6 DNA suggestive of HHV-6 chromosomal integration. The P of first high-level HHV-6 reactivation (HHV-6 DNA X10 4 copies/mL plasma) by day 70 after transplantation was the primary endpoint of the study. No significant reduction in high-level HHV-6 reactivation was seen in patients who received prophylactic PFA (33.8% and 19.4% in Cohorts 1 and 2, respectively; P ¼ 0.095) (Figure 1 ). Figure 2 shows the incidence of HHV-6 reactivation (left) and high-level HHV-6 reactivation (right) stratified by stem cell sources. Among unrelated BMT recipients (upper), a trend was seen toward fewer high-level HHV-6 reactivations in Cohort 2 (25.2 and 10.5% at day 70 after transplantation, in Cohorts 1, and 2, respectively, P ¼ 0.067). Among CBT recipients (bottom), no differences were identified in the incidence of either HHV-6 reactivation or high-level HHV-6 reactivation.
Analysis of the kinetics of plasma HHV-6 DNA in patients who displayed positive results in Cohort 2 ( Figure 3) revealed that HHV-6 DNA peaked outside of the dosing period for PFA in 18 patients (before the dosing period in 8 patients; after the dosing period in 10 patients) and during the dosing period in 21 patients.
HHV-6 encephalitis A total of five patients developed HHV-6 encephalitis (n ¼ 2) or possible HHV-6 encephalitis (n ¼ 3) in Cohort 1, while three patients developed HHV-6 encephalitis in Cohort 2. No significant difference in the incidence of HHV-6 encephalitis/possible HHV-6 encephalitis by day 70 was observed between cohorts (Kaplan and Meier analysis, 9.9% and 4.5% in Cohorts 1 and 2, respectively, P ¼ 0.24). Clinical courses and brain MRI findings of three patients who developed HHV-6 encephalitis despite receiving PFA prophylaxis are shown in Figures 4 and 5 , respectively, and details are described below.
Patient 1 was a 31-year-old man who received CBT for the treatment of refractory EBV-positive lymphoma. Plasma HHV-6 DNA level continued increasing despite prophylactic administration of 50 mg/kg PFA. Short-term memory loss developed concomitant to peak plasma HHV-6 DNA (23 080 copies/mL), and neurological status changed with loss of consciousness and seizures. The patient died of pneumonia 43 days after SCT. Patient 2 was a 61-year-old man who received BMT from an HLA Agmismatched unrelated donor for the treatment of myelodysplastic syndrome. Plasma HHV-6 DNA turned positive 2 days after finishing prophylactic PFA, and disturbance of memory appeared. After treatment with 180 mg/kg of PFA, neurological symptoms gradually improved but memory difficulties remained until his death (due to GVHD) on day 152 after transplantation. Patient 3 was a 42-year-old man who received BMT from an HLA-matched unrelated donor for the treatment of refractory adult T-cell leukemia. Plasma HHV-6 DNA became positive (85 033 copies/mL) 9 days after finishing PFA. Although 50 mg/kg PFA was restarted, plasma HHV-6 DNA copy number increased to 190 236 copies/mL, and memory loss and mental confusion developed. After treatment with 180 mg/kg of PFA, the patient showed good cognitive recovery. The patient did not have neurological sequelae but died of GVHD 6 months after SCT.
In each patient with HHV-6 encephalitis, positive HHV-6 DNA in CSF was demonstrated at the time of developing HHV-6 encephalitis (54 305 copies/mL, 209 678 copies/mL and 262 447 copies/mL in Patients 1, 2 and 3, respectively). MRI showed signal abnormalities in the region of the hippocampus in each patient ( Figure 5 ). HHV-6 DNA copy number in both plasma and CSF decreased rapidly after initiating administration of PFA at 180 mg/kg.
Risk factor analysis for high-level HHV-6 reactivation and HHV-6 encephalitis The important risk factors for high-level HHV-6 reactivation were CBT and HLA-mismatched donor status (Table 3) . Among Not done recipients of unrelated BMT, HLA mismatch was not significantly associated with high-level HHV-6 reactivation (HLA allelic match vs mismatch, P ¼ 0.30; HLA Ag match vs mismatch, P ¼ 0.39). For HHV-6 encephalitis, high-level HHV-6 reactivation was the only significant risk factor. The treatment group (Cohort 1 vs Cohort 2) was not significantly associated with incidence of either high-level HHV-6 reactivation or HHV-6 encephalitis.
Toxicity
Adverse events during the period of PFA administration in Cohort 2 are shown in Table 4 . Nausea and vomiting were common adverse events. No patients developed grade 3-5 adverse events of electrolyte (magnesium, calcium or potassium) loss or increased serum creatinine levels.
DISCUSSION
This study showed that in the setting of allo-SCT from unrelated donors or CB, PFA given at 50 mg/kg once daily for 10 days in the early phase after allo-SCT is a safe but relatively ineffective strategy for preventing either high-level HHV-6 reactivation or HHV-6 encephalitis compared with a historical control cohort. PFA was suggested to suppress high-level HHV-6 reactivation in recipients of unrelated BM, but no benefit was observed among CBT recipients. Unexpectedly, breakthrough HHV-6 encephalitis developed in 3 of the 67 patients receiving prophylactic PFA. One possible reason for this disappointing result is that the dose of PFA was insufficient. Analysis of the timing of peak plasma HHV-6 DNA in relation to the dosing period for PFA (Figure 3) showed that plasma HHV-6 DNA peaked during the PFA-dosing period in more than half of the patients. Among the three patients who developed HHV-6 encephalitis in Cohort 2, plasma HHV-6 DNA in two patients increased during the period in which PFA was given at 50 mg/kg/day (Patient 1, during dosing period of planned prophylactic PFA; Patient 3, during dosing period of repeated PFA) and HHV-6 encephalitis developed concomitant to peak plasma HHV-6 DNA. The effect of PFA at 50 mg/kg/day appears, at least with a short-dosing period before the detection of positive plasma HHV-6 DNA, insufficient to suppress the replication of HHV-6.
What is an appropriate strategy to prevent HHV-6 encephalitis? The kinetics of HHV-6 DNA in patients who developed HHV-6 encephalitis following PFA prophylaxis (Figure 3) showed that HHV-6 DNA from either plasma or CSF disappeared rapidly and CNS symptoms in two of these three patients started to improve immediately after starting PFA at 180 mg/kg/day. These observations suggest that PFA at 180 mg/kg is sufficient to suppress HHV-6 replication. PFA at higher doses may be recommended not only for the treatment of HHV-6 encephalitis, but also for prophylaxis against HHV-6 reactivation. However, adverse effects of PFA including dose-dependent renal toxicity, electrolyte loss and frequent gastrointestinal toxicities make it difficult to recommend prophylactic administration of high-dose PFA in the wider SCT recipient population. Clinical trials using an increased dose of prophylactic PFA for a longer period may be warranted in patients at higher risk of HHV-6 encephalitis. Furthermore, efforts must be made to establish measures other than PFA prophylaxis to prevent HHV-6 encephalitis. Log-rank test.
PFA against HHV-6 reactivation M Ogata et al Several questions remain regarding the pathogenic mechanisms underlying HHV-6 encephalitis. Elucidation of these questions may contribute to the establishment of preventative strategies for HHV-6 encephalitis. First, many cases of HHV-6 encephalitis appear to develop after episodes of pre-engraftment immune reaction, engraftment syndrome or GVHD. 3, 12, 14, 18 In patients who developed HHV-6 encephalitis, an IL 6 surge was observed 1 week before development of CNS dysfunction. 12 If a hypercytokinemic state around the time of engraftment has a causative role in the development of HHV-6 encephalitis, intensive control of immune reactions around this period may reduce the incidence of HHV-6 encephalitis. Second, little is known about the pathogenesis of HHV-6 encephalitis after SCT. Whether HHV-6 reactivates within the CNS, 21 and the primary region of HHV-6 reactivation in patients who progress to HHV-6 encephalitis have yet to be clarified. If HHV-6 reactivates primarily in peripheral blood or parotid gland and enters the CNS, CDV, the drug with the strongest in vitro activity against HHV-6, 28 but poor CNS penetration, may be effective for preventing HHV-6 encephalitis. A lipid-ester derivative of CDV, hexadecyloxypropylcidofovir, may represent an alternative drug for HHV-6 prophylaxis. 21 Third, the role of HHV-6 in the development of HHV-6 encephalitis has not been defined fully. MRI of patients with HHV-6 encephalitis commonly shows bilateral findings in the region of the limbic system. Such symmetrical findings suggest the existence of systemic processes rather than local infection. Furthermore, HHV-6-negative post-transplant acute limbic encephalitis has been reported. 10 Such findings suggest the existence of multiple pathogenic mechanisms, including immune attack, underlying the CNS manifestations of HHV-6 encephalitis.
One could ask whether the incidence of HHV-6 encephalitis is really high among Japanese SCT recipients. In fact, all reports on the incidence of HHV-6 encephalitis (Table 1) have been retrospective studies. To clarify this issue, we are now undertaking a prospective multicenter study to evaluate the incidence of and risk factors underlying HHV-6 reactivation and HHV-6 encephalitis in Japan.
In conclusion, these data indicate that PFA given at 50 mg/kg in the early phase after allo-SCT is relatively ineffective strategy for preventing HHV-6 encephalitis. The pathogenesis of HHV-6 encephalitis deserves future investigation to establish safe and effective prophylactic measures against HHV-6 encephalitis. We hope the present results will be useful for future medical practice to prevent HHV-6 encephalitis. PFA against HHV-6 reactivation M Ogata et al
